Abstract/Résumé
Introduction
To be able to realize and sustain force outputs consistent with the cross-sectional area of the muscle cell, the sarcolemma and T-tubules must be able to respond to neural activation commands by depolarizing and by initiating and propagating action potentials (AP) on a repetitive basis. At maximal force levels, the frequency of APs may range between 25 and 100 Hz, depending on the species and type of muscle fibre (Burke et al., 1973; Edwards et al., 1977; Hennig and Lomo, 1985) . A failure to meet these requirements could result in suboptimal increases in free cytosolic calcium ([Ca 2+ ] f ) levels, incomplete activation of the myofibrils, and weakness. For the motor unit to sustain a given level of mechanical activity over time without loss of force (fatigue), and in the absence of compensatory strategies, the frequency of APs must remain protected. It is not uncommon under such conditions, as during prolonged exercise, for the estimated total number of APs to exceed 25,000-30,000. As such, a loss of membrane excitability could represent a potentially important site of mechanical failure.
Membrane Excitability
In the skeletal muscle cell, the resting transmembrane potential ranges between -60 to -80 mV, the inside being negative with respect to the outside of the cell. Transmembrane potential is determined by the intracellular and extracellular concentrations of electrolytes, primarily the monovalent ions Na + , K + , and C1 -. The relative contribution of each ion to the net potential is determined both by their concentration gradient across the membrane and their permeability. The distribution of these ions is such that, at rest, the concentrations of Na + and C1 -are low intracellularly and high extracellularly. For K + the reverse is true, namely that the concentration is high inside the cell and low outside.
The plasma membrane, which in the case of muscle represents the sarcolemma and T-tubular membranes, consists of a phospholipid bilayer as its basic structure, imbedded with a complex of special proteins involved in a variety of cellular functions. Since the phospholipid membrane forms an essentially impermeable barrier to the passage of materials, the complex of special proteins provide for numerous signaling and transport functions. For example, a diverse range of proteins form ion channels and transporters that allow for the selective and directional movement of ions. Since the transmembrane potential is maintained through active mechanisms, there must also be ATPase enzymes that allow for the production of free energy released from the hydrolysis of ATP.
Transmission of the neural signal across the neuromuscular junction by the chemical transmitter, acetylcholine, triggers a depolarization of the motor endplate that rapidly spreads along the sarcolemma. This depolarization is induced as a result of the opening of voltage-gated ion channels which result in an influx of Na + into the cell. The depolarization is followed by the opening of K + channels and the flow of K + to the outside of the cell which serves to reduce the transmembrane voltage. The result is an AP that is propagated along the sarcolemma and Ttubules. Although the membrane potential can return to resting levels following an action potential, with the assistance of C1 -channels, the Na + and the K + that would progressively accumulate inside and outside the cell, respectively, must ultimately be transported across the membrane to restore their preexisting gradients and protect membrane excitability. This is accomplished by the Na + -K + -ATPase which uses energy to perform its transport functions.
Characteristics and Regulation of Na + -K + -ATPase
The Na + -K + -ATPase or the Na + -K + -pump is an integral membrane protein involved in a wide variety of functions such as regulation of cell volume, ionic gradients, acid-base status, and driving a variety of transport processes (Lang et al., 1995; Therien and Bolstein, 2000) . Skou in 1957 was the first to recognize the link between the transport of Na + and K + across the plasma membrane and Na + -K + -ATPase activity, for which he was subsequently awarded the Nobel Prize (Therien and Bolstein, 2000) . In skeletal muscle, the excitability of the cell, as measured by its ability to conduct repetitive action potentials, is intimately dependent on the capacity for active transport of Na + out of and K + into the cell .
The Na + -K + -ATPase is an oligomer containing at least two principle polypeptides, α and β , which constitute a functional αβ heterodimer (Figure 1 ). It is now recognized that the catalytic activity of the pump resides in the α subunit while the β subunit, although necessary for catalytic activity, is involved primarily in anchoring and stabilizing the heterodimer (Blanco and Mercer, 1998) . There are at least four isoforms of the α subunit (α 1 , α 2 , α 3 , α 4 ) and three isoforms of the β subunit (β 1 , β 2 , β 3 ) that have been cloned and sequenced (Blanco and Mercer, 1998) . In mammalian skeletal muscle, α 1 β 1 , α 2 β 1 , α 1 β 2 , and α 2 β 2 appear to represent major combinations (Hundal et al., 1993; McDonough and Thompson, 1996) (Table 1) . Note: Data obtained from Fowles et al. (2004) . SO = slow-oxidative fibres; FOG = fastoxidative glycolytic fibres; FG = fast-glycolytic fibres. Content = Na + -K + -content based on [ 3 H]-ouabain binding assay; Activity = maximal Na + -K + -ATPase based on K + -stimulated 3-0-methylfluorescein phosphatase activity. Relative isoform content based on Western blots and using SO as 100% (α 1 , α 2 , β 1 ) and FG as 100% (β 2 ). The existence of the α 3 and β 3 isoforms in skeletal muscle remains uncertain. Basic features of the membrane Na + -K + -ATPase in skeletal muscle. Note that Na + -K + -ATPase is a heterodimer consisting of α and β polypeptides. Diagram also indicates that 3 Na + is pumped to the outside of the cell and 2 K + is pumped to the inside of the cell for each reaction cycle.
The distribution of the heterodimers seems to depend on the characteristics of the fibre. At least in the rat, when comparisons are made between fibre types, low oxidative fibres (SO) contain an abundance of α 1 β 1 and α 2 β 1 while fastglycolytic fibres (FG) contain an abundance of α 2 β 2 (Fowles et al., 2004; McDonough and Thompson, 1996) . Fast oxidative-glycolytic (FOG) fibres contain all four combinations with α 2 β 2 predominating (Fowles et al., 2004; McDonough and Thompson, 1996) (Table 1) . It should be noted that the above fibre typing schema is based on the classification originally devised by Peter et al. (1972) which, in the case of fast-twitch fibres, uses the metabolic potential for further subdivision. Although some overlap would be expected, this schema should not be confused with myosin-based histochemical procedures which are based on the myosin heavy-chain isoform composition (Schiaffino and Reggiani, 1996) .
The Na + -K + -ATPase can maintain low internal Na + ([Na + ] i ) and high internal K + ([K + ] o ) by the vectorial transport of 3 Na + and 2 K + per each molecule of ATP utilized (Blanco and Mercer, 1998) . The mechanism underlying cation transport is believed to involve conformational alterations (E 1 vs. E 2 ) in the structure of the pump. The α subunit contains domains for the binding of nucleotides (i.e., ATP), ions (Na + , K + , Mg 2+ ), glycosides (i.e., ouabain), and regulatory proteins (protein kinase A, PKA; protein kinase C, PKC) involved in enzyme phosphorylation (Blanco and Mercer, 1998; Therien and Bolstein, 2000) . The binding sites for Na + ions and ATP are found on the intracellular side of the α-subunit whereas sites for K + and ouabain are found on the extracellular side (Blanco and Mercer, 1998; Therien and Bolstein, 2000) .
According to currently agreed-upon mechanisms, ATP and Na + ions in the cytosol bind to their respective sites while the enzyme is in the E 1 confirmation. In brief, following the binding of these ligands, a phosphorylated enzyme intermediate is formed (hydrolysis of ATP with release of ADP and phosphorylation of Asp-369). The energy released induces a conformational shift in the enzyme for E 1 to the E 2 state, with translocation of 3 Na + ions to the exterior. While in the E 2 state, K + binds to the enzyme, which causes Na + to be released. The binding of K + results in dephosphorylation of the enzyme (release of P i ) and the release of energy which is used to induce a conformational shift back to the E 1 -state. In the process, 2 K + are transported into the cell. Upon release of K + , another transport cycle is initiated (Thieren and Bolstein, 2000) .
Acute Contractile Activity and Enzyme Regulation
At rest, the Na + -K + transmembrane exchange in muscle is low, and consequently Na + -K + -ATPase activity is also low. With the onset of contractile activity, rapid and precise increases in the activity of the Na + -K + -ATPase are needed to satisfy the increased requirements for Na + and K + transport, and consequently to protect membrane excitability. A failure to respond appropriately will result in a loss of K + from the muscle cell and an increase in Na + in the cell. Under such conditions, other physiological disturbances might be anticipated, including the loss of osmotic balance with increases in cellular water and a reduction in Na + coupled transport of a number of ions (H + , Ca 2+ , C1 -) and substrates (glucose and amino acids) (Thieren and Bolstein, 2000) . If the disturbance is severe enough, cellular energy and protein metabolism might also be affected (Lang et al., 1995) . The potential effects of reductions in Na + -K + -ATPase activity are as follows:
1. Loss of transmembrane gradients for Na + , K + 2. Loss of membrane excitability 3. Disturbance in osmotic balance 4. Altered cell volume 5. Altered metabolism 6. Altered protein turnover 7. Impaired substrate transport 8. Impaired transport of other ions
The Na + -K + -ATPase activity is dependent on the amount of protein (α β), the isoform distribution, substrate availability, and acute regulatory factors (Blanco and Mercer, 1998) . Acute regulation appears to be under complex control, with numerous factors involved which attempt to ensure that the recruitment of catalytic reserve is appropriate to the local demands (Therien and Bolstein, 2000) . As might be expected, [Na + ] i and to a lesser extent [K + ] o represent potent stimulating factors that provide for rapid increases in Na + -K + -ATPase activity (Therien and Bolstein, 2000) . Metabolic byproducts such as P i , ADP, H + , reactive oxygen species (ROS), and nitric oxide (NO) also appear to be involved-their effect, whether facilitory or inhibitory, depending on the intracellular concentration and time of exposure. A number of other species such as amylin, calcitonin, calcitonin generelated peptide, and insulin-like growth factor-I have also been involved in ensuring a regulatory function .
In addition to the above acute regulatory factors, binding sites for PKA and PKC exist on the enzyme, allowing for changes in activity via direct phosphorylation-dephosphorylation ( Figure 2 ). In skeletal muscle the effect of catecholamines, operating via β receptors and cAMP stimulation of PKA, has been the best characterized signal transduction process (Ewart and Klip, 1995) . Stimulation under these conditions can result in up to a 50% increase in activity (Therien and Bolstein, 2000) . A number of other hormones involved in fluid and electrolyte (aldosterone, vasopression, and antidiuretic hormone) and fuel (insulin, amylin) homeostasis also seem to acutely regulate Na + -K + -ATPase activity in skeletal muscle . Recently, additional proteins such as phospholemman have been implicated to associate with the Na + -K + -pump and to alter its transport properties (Crambert et al., 2002) . There is also evidence that selected stimuli such as contractile activity can induce a translocation of the enzyme from intracellular storage sites to the surface membrane (Hundal et al., 1992; Tsakardis et al., 1996) .
The specific response of various modulators on Na + -K + -ATPase activity in muscle appears to depend on the αβ heterodimer subunit isoform combination. Although the precise effect of different isoform combinations in skeletal muscle is unclear, some insights may be gained from other tissues and from different expression systems in which specific isoform combinations are generated. Particularly important in this regard is the affinity of the various heterodimers to Na + , K + , and ATP. Crambert et al. (2000) examined the characteristics of human isoform subunit combinations by expressing them in xenopus oocytes. They have concluded that the highest turnover rates and the highest Na + affinity occur with the α 1 isoforms regardless of β subunit composition. In contrast, K + affinity was determined both by the α and β subunits, with α 2 β 2 displaying the highest affinity. Based on these observations, Crambert et al. speculated that the α 1 isoform, whether in combination with β 1 or β 2 , works at optimal rates under physiological conditions but cannot respond to increased physiological demands beyond basic routine functions. The implication is that the α 2 isoform is needed to respond to increased physiological demands as during contractile activity.
When the rat isoform combinations are expressed in insect cells, it has been found that the affinity for Na + is on the order of α 2 β 2 > α 2 β 1 > α 1 β 1 while the affinity for K + is on the order of α 1 β 1 > α 2 β 1 > α 2 β 2 (Blanco and Mercer, 1998) . For ATP the affinity is much larger in α 1 β 1 than in the remaining combinations (Blanco and Mercer, 1998 ). These results demonstrate the specificity of the response that can occur depending on the species and tissue involved. Although the studies with expression systems are indispensible in shedding light on the role of the Na + -K + -ATPase subunit isoform combinations, they are conducted under highly artificial conditions in foreign cells. To appreciate the functional significance of the isoform combinations, one must examine them in natural systems with all the regulatory factors present. This has not been possible in the muscle cell, since it appears that no fibre type has a predominance of a single isoform subunit combination.
These uncertainties notwithstanding, it is believed that the subunit isoform distribution in different muscle cell types allows for a more precise regulation of Na + -K + -ATPase activity, given the specific demands and local conditions in the cell. It is known that α 1 β 1 and α 2 β 1 predominate in slow-oxidative muscle while α 1 β 2 and α 2 β 2 predominate in fast-glycolytic muscle (Fowles et al., in press ). At rest, given the low turnover demand for Na + and K + , α 1 β 1 may function in a housekeeping role and consequently display a high affinity for Na + . With contractile activity, α 2 β 2 and α 2 β 1 may also be recruited, allowing for a more sensitive regulation of Na + and K + given their different affinities. In addition, the higher affinity of α 2 for ATP at the catalytic site may allow this isoform combination to use lower concentrations of ATP, which would be expected to occur in the working cell and particularly the FG fibres. It is generally acknowledged that β isoforms do not influence the kinetic properties of Na + -K + -ATPase isoforms as much as α subunits do (Blanco and Mercer, 1998; Therien and Bolstein, 2000) . However, it is interesting that β isoform distribution, and in particular β 2 , can increase the affinity of α 2 or α 1 isoform for Na + (Blanco and Mercer, 1998) . The β isoform may also affect K + affinity (Blanco and Mercer, 1998) .
Energy Requirements of the Pump
As previously indicated, during a catalytic cycle the Na + -K + -ATPase transports 3 Na + and 2 K + across the membrane at the expense of 1 ATP. Since ATP exists in limited concentrations (6-8 mM) in the cell and is also needed by other major and important ATPases in the cell, continued resynthesis of ATP by oxidative phosphorylation (OXPHOS) and/or glycolysis is essential if Na + -K + -pump function is to remain viable. There is increasing evidence that energy production is compartmentalized in the muscle cell (Han et al., 1992; Korge and Campbell, 1994) , and that in the subsarcolemma region, energy regulation may be modulated independently of the other regions in the cell (James et al., 1999) . The current thinking is that even at rest and particularly during contractile activity, the ATP demands of the Na + -K + -pump cannot be met by OXPHOS alone and must be supplement by glycolysis (Bersohn et al., 1992; Okamoto et al., 2001 ). As such, carbohydrate (CHO) represents an obligatory substrate and lactic acid production is an unavoidable by-product.
It is possible that hypoglycemia and/or depletion of muscle glycogen reserves, particularly if regionalized to the subsarcolemmal compartment as frequently observed in prolonged exercise, could impair Na + -K + -ATPase function and, in the process, depress Na + and K + transport across the sarcolemma and T-tubules. As a consequence, membrane excitability may be compromised and fatigue induced. In this regard it should be emphasized that current notions of metabolic regulation in working muscle generally fail to incorporate the role of the various ATPases in the cell. It has been demonstrated, for example, that epinephrine-induced stimulation of the muscle results in large increases in lactate accumulation (James et al., 1999) . However, if Na + -K + -ATPase activity is inhibited by ouabain prior to epinephrine stimulation, lactate production is inhibited (James et al., 1999) . These results serve to emphasize the intimate relationship between pump activation and glycolysis. It is possible that energy homeostasis, at least in the subsarcolemma region, could be substantially affected by alterations in Na + -K + -pump expression and regulation.
During increased Na + and K + transmembrane transport in muscle, energy homeostasis in the subsarcolemma region may also be challenged by changes in the efficiency of transport. Alterations in the structure of the enzyme, or alterations in the sarcolemma and T-tubule membrane composition, could increase the energy costs for a given amount of cations transported. For example, changes in membrane fluidity, mediated by alterations in phospholipid content, could alter the ease with which the conformational changes in the Na + -K + -ATPase occur in the membrane during cation transport. Moreover, it is also possible that leakage of one or both cations will occur, depending on the membrane changes. Such cases would require increased energy expenditure in order to elicit a net change in the concentration of [Na + ] i or [K + ] o .
Enzyme Properties and Functional Behaviour
An essential question is whether or not a failure in membrane excitability, secondary to inadequate Na + -K + -ATPase activity and Na + /K + transport, can represent the cause of weakness or fatigue. Various techniques have been used to characterize the enzyme and assess its functional behaviour. The content of the enzyme can be validly assessed using the vanadate-facilitated [ 3 H] ouabain binding procedure (Kjeldsen, 1986) . The cardiac glycoside, ouabain, particularly in the presence of vanadate, has a high affinity for binding to the phosphorylation site on the Na + -K + -pump (Nørgaard et al., 1983) . If measured in graded concentrations of ouabain, the maximal binding capacity (βmax) and binding affinity (K d ) can be assessed (Musch et al., 2002) .
These measurements can also be supplemented by assessing the ATP splitting rate or Na + -K + -ATPase activity, with the maximal activity (Vmax) and K + or Na + dependency (Km) being of primary interest. Although hydrolytic activity of the enzyme can be measured directly either by the production of Pi or via fluorometric techniques and a regenerating assay (Horgan and Kuypers, 1987) , the most common procedure is to measure K + dependent phosphatase activity (Huang and Askari, 1975; Nørgaard et al., 1984) . In this reaction, which uses either 3-0-methylfluoroscein phosphate (3-0-MFP) or p-nitrophenyl phosphate (P-NPP) as artificial substrate, the measurement is based on the terminal steps in ATP hydrolyis (Larsen and Kjeldsen, 2001) .
Functional measurements of the cation transport capacity by the Na + -K + -ATPase have relied to a considerable extent on the transport of isotopic tracers such as 42 K or 86 Rb (Dorup and Clausen, 1994) . In addition, electrochemical gra-dients across the membrane have been measured for Na + and K + using microelectrodes (Metzger and Fitts, 1986) . Electromyographic techniques (EMG), in particular the mass action potential (M wave), have also been employed (Badier et al., 1999) . Properties of the M wave that have proven to be of interest include the area, duration, and amplitude (Badier et al., 1999) .
There is abundant evidence to conclude that the catalytic activity of the Na + -K + -pump is the primary factor regulating Na + /-K + -transmembrane transport kinetics during contractile activity . There is also considerable evidence that a failure in membrane excitability is the cause of a loss in force during different patterns of contractile activity (Jones, 1996) . However, these findings are based largely on imposed patterns of mechanical behaviour mediated by electrical stimulation. In voluntary activity, the significance of membrane excitation as a cause of fatigue is unclear. In voluntary activity as well, the neural discharge profiles that are required to obtain a specific mechanical output appear to be different from electrical stimulation (DeLuca, 1985; Jones et al., 1979) . Moreover, it has been postulated that muscle "wisdom" allows afferent feedback from the working muscle to alter the frequency of motor unit discharge while still allowing the muscle's remaining force capacity to be realized (Garland and Gossen, 2002) . Elongation of relaxation time during submaximal force levels that produce an unfused tetanus may allow the frequency of action potentials to be reduced while still protecting force output (Garland and Gossen, 2002) .
It is possible that in certain types of voluntary tasks performed over a sustained period of time, fatigue may result from a disturbance in the propagation of action potentials. Fowles et al. (2002b) as well as others (Behm and St-Pierre, 1997; Fuglevand et al., 1993) have reported that the area and amplitude of the M wave is depressed. Moreover, the alterations in M-wave properties appear to be accompanied by reductions in maximal Na + -K + -ATPase activity (Fowles et al., 2002b; Fraser et al., 2002) . Although the mechanisms for the reduction in enzyme activity remain unclear, structural damage to the Na + -K + -pump as a result of ROS accumulation remains an inviting possibility (Kourie, 1998) . It is of interest that in a study by Verburg et al. (1999) using prolonged exercise, an increased loss of K + from the working muscle was observed late in exercise, which was attributed to insufficient activation of the Na + -K + -ATPase.
Particularly intriguing is the intensity-dependent-loss of K + from the working muscle that has been observed (Sejersted and Sjøgaard, 2000) . The loss of K + would suggest that the Na + -K + -ATPase is incapable of properly regulating Na + and K + exchange across the sarcolemma, resulting in a loss of intracellular cation homeostasis (Sejersted and Sjøgaard, 2000) . The loss of K + from the cell is surprising since it occurs even at relatively modest levels of exercise intensity, and well below the capacity of the Na + -K + -ATPase for Na + /K + -transport (Sejersted and Sjøgaard, 2000) . It has been suggested that in working muscle, some of the flux of K + and Na + across the membrane is due to passive leaks, given the large numbers of channels that exist for these cations (Clausen, 1996) .
There is also an alternate hypothesis involving ATP-sensitive K + channels (K ATP channels) to explain the K + loss from muscle during contractile activity (Renaud, 2002) . According to this hypothesis, the K ATP channels allow for rapid increases in extracellular K + to suppress force development when ATP levels be-gin to fail or when levels of metabolic end-products are increased. Although this hypothesis is inviting, it remains suspect since the opening of K ATP channels would hyperpolarize the cell, not depolarize it. This is because the increase in total K + conductance would clamp the membrane potential closer to the K + equilibrium potential. Evidence from training studies which result in increases in Na + -K + -ATPase content indicate that K + loss from the working muscle is reduced (McKenna, 1998) . This observation would suggest that the catalytic activity of the Na + -K + -pump is involved in reducing K + loss during exercise.
Contractile Activity and Na + -K + -ATPase Expression
The habitual level of contractile activity exerts a potent effect on Na + -K + -ATPase content in muscle (Green, 2000; McKenna, 1998) . Nowhere is this more evident than in the chronic low-frequency stimulation (CLFS) model where a 60-80% increase in Na + -K + -pump content can be observed in fast-twitch muscle within the first several days of imposed activity (Green et al., 1992; Hicks et al., 1997) . Moreover, the increase in Na + -K + -pump content can also be observed within the first few days of training in humans . Training effects also seem to be specific to the active muscle since, in one-legged training, no changes in Na + -K + -ATPase levels occur in the nontrained limb (Green et al., 1999) . In contrast to training in normoxia, training in hypoxia leads to a down-regulation in Na + -K + -pump content (Green et al., 1999) . This down-regulation has also been found to occur during a high-altitude mountain expedition (Green et al., 2000b) .
Interestingly, Na + -K + -pump content appears to relate more to the oxidative potential of the fibre than to the contractile properties (Type I and Type II) . In training studies completed to date, there is evidence that the increase in Na + -K + -ATPase pump expression generally corresponds in time to the increase in oxidative potential (Green, 2000; McKenna, 1998) . This would suggest that the maximal catalytic activity of the pump depends not on the speed of contraction but on prolonged usage. It is possible that this is a compensatory mechanism in response to the inactivation of Na + -K + -ATPase that occurs during prolonged exercise (Fowles et al., 2002a; 2002b) . Although more rigorous studies of K + and Na + exchange across the working muscle needs to be completed, there is preliminary evidence that at least K + homeostasis is improved following training (McKenna et al., 1993) .
Surprisingly, it appears that no study published to date has investigated the effects of chronic increases in contractile activity on αβ subunit isoform expression or on the kinetic characteristics of the Na + -K + -ATPase. In work recently completed on humans in our laboratory, using a 6-day prolonged training model with measurements performed at 0, 3, and 6 days, we found initial increases in pump expression at 3 days (Green et al., 2000a) . Maximal Na + -K + -ATPase activity, by contrast, was not increased until 6 days of training. Increases in α 1 and β 1 isoform expression were observed, but not until 3 and 6 days of training, respectively, had been completed. Studies of this nature are important because they can provide insight into how the alterations in subunit isoform expression can alter the enzyme's kinetic characteristics.
Membrane Excitability, Na + -K + -ATPase Expression, and Disease Unprovoked fatigue and weakness are hallmarks of disease. It is possible that a failure in membrane excitability, secondary to alterations in Na + -K + -ATPase pump expression or a failure in signaling cascades involved in regulating the activity of the enzyme, could be responsible.
Chronic heart failure (CHF) is a disease in which dyspnea and exercise intolerance are two cardinal clinical manifestations (Piepoli et al., 2001) . To date only a few studies have examined muscle Na + -K + -ATPase changes with the disease. There is evidence that in experimental CHF in rats, Na + -K + -pump content (βmax), as measured with [ 3 H] ouabain binding, is decreased in muscles composed primarily of slow-oxidative and fast-oxidative glycolytic fibres, but not in muscles composed of fast-glycolytic fibres (Musch et al., 2002; Pickar et al., 1997) . The reductions in βmax occurred in the absence of changes in the dissociation constant (K d ) (Musch et al., 2002; Pickar et al., 1997) , suggesting that there is no change in Na + -K + -ATPase enzyme population type.
Recently we have also found that experimental CHF in rats leads to extensive alterations in Na + -K + -ATPase content activity and isoform expression, depending on the composition of the muscle (Barr et al., in press ). In our study we found that only in the left ventricle was the reduction in Na + -K + -ATPase content accompanied by a reduction in maximal activity. Some muscles (soleus) displayed a decrease in Na + -K + -ATPase content and an increase in activity, others (white gastrocnemius) exhibited an increase in Na + -K + -pump content and no changes in activity, and still others (diaphragm) showed no changes in content but an increase in activity. To some extent the dissociation between Na + -K + -ATPase pump content might be explained by the extensive α and β isoforms shifts that were largely tissue-specific. Based on what is currently known about changes in Na + -K + -ATPase characteristics and contractile activity levels, these changes observed in CHF cannot be explained by reduced activity (McKenna, 1998) . Rather, the changes observed in CHF would seem to provide evidence for abnormal alterations or maladaptations. Yet to be examined are the physiological effects of these maladaptations in terms of muscle excitability and muscle contractility.
It should be emphasized that we have not been able to find an effect of CHF in humans on Na + -K + -pump levels in skeletal muscle (Green et al., 2001) . It is possible that the absence of an effect could be explained either by differences in disease severity or by the drug regimen. Although all patients were free of medications at the time of tissue sampling, they had been on various combinations of digoxin, diuretics, angiotensin-converting enzyme inhibitors, and nitrates.
Abnormalities in the ability of the heart to expel blood remains the fundamental disorder in CHF. However, it is now recognized that the chronic adjustment to CHF results in a complex pathophysiological syndrome that culminates in a wide range of disturbances. These disturbances-which appear to be mediated in large part by a chronically exaggerated neurohormonal response (increased activation of adrenergic, renin-angiotension-aldosterone, vasopression and endothelia systems)-include excessive vasoconstriction and redistribution of blood flow, increased afterload, and exaggerated electrolyte and fluid retention (Colucci and Braunwald, 1997) . In general, most if not all of these hormones, including a vari-ety of properties affected, can alter both the short-term and long-term regulation of Na + -K + -ATPase (Ewart and Klip, 1995; McDonough and Thompson, 1996) .
There are many conditions and disease states in which Na + and K + homeostasis can be disrupted due to an inability to regulate muscle transmembrane exchange for these cations (Clausen, 1998) . Alterations in thyroid, glucocorticoid, and insulin states are but a few of the conditions that alter Na + -K + -ATPase acute and chronic regulation. The Na + -K + -ATPase content is also decreased in McArdle disease, in which phosphorylase is deficient (Lewis and Haller, 1986) . This latter finding is intriguing because it demonstrates that a disease which is site-specific can also result in a down-regulation in a protein that is supposedly unrelated to the primary etiology.
Summary
Alterations in excitation-contraction-relaxation (E-C-R) coupling represent potentially important processes in muscle by which to explain weakness and fatigue in both health and disease. A failure in membrane excitability, secondary to disturbances in Na + -K + -ATPase regulation, is particularly inviting since this is the initial site in a cascade of processes that regulate muscle contractility. Moreover, the Na + -K + -ATPase is regulated, both acutely and chronically, by a variety of stimuli. Many of these stimuli can threaten K + homeostasis. An inability to regulate muscle [K + ] i , which contains the major K + store in the body, can have profound consequences on muscle function. In addition, loss of K + from muscle can also threaten the functional integrity of numerous other tissues and cells.
Surprisingly, relatively little attention has been directed at the E-C-R coupling processes to explain exercise tolerance. This is particularly true for CHF, where most of the studies completed to date have focused on disturbances in energy metabolic pathways (Lunde et al., 2001 ). Although deficiencies at this level may be involved in the mechanical impairment observed in CHF, there is emerging evidence that this not the primary problem. It is expected that continued research in this area will identify more specifically the mechanism underlying fatigue and weakness. It will be considerably more difficult, however, at least in the case of disease, to establish whether or not fatigue and weakness are protective in the context of the type and severity of the disease.
